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ABSTRACT ER* status is an important factor in assessing prognosis and in
determining therapeutic strategies for treating breast cancer. Approx-
Although several lines of epidemiological evidence suggest that estrogenimately 70% of human breast cancers stain positively fo ERR«

exposure influences the incidence of breast cancer development, the mech-o,, o ogi0n is associated with more differentiated and less aggressive
anisms by which estrogen may stimulate the formation of breast cancer

: o tumors. On the other hand, tumors lacking &ERre generally asso-
remain poorly understood. We have explored how alterations in estrogen ciated with a more aggressive disease course and poorer clinical
exposure can influence the development of mammary cancer in the C3(1)/ outcome (4, 5). Tumors from the same patient often pro f
Tac transgenic model, where estrogen levels and estrogen recepter N s . P progress from an
(ERa) expression do not appear to modify the level of transgene expres- ERa—posﬂwe .to an ER-negative state.' Therefore, breast cancers
sion. The C3(1)/Txe transgene becomes transcriptionally active in mam- likely evolve into a hormone-unresponsive state and become poorly
mary ductal target cells at 3 weeks of age after the estrogen-induced '€sponsive to endocrine therapies.
differentiation of the mammary epithelial anlageto the ductal outgrowth To gain further insights into the role of estrogen signaling in
stage. Complete maturation of the mammary ductal tree, however, is not mammary carcinogenesis, we have studied how alterations in estrogen
required for cancer development because tumors arise in animals where exposure might influence the development of mammary cancer in the
ductal branching and terminal end bud formation have been prematurely  C3(1)/T,g transgenic mouse model in which 100% of female mice
arrested by ovariectomy. Mammary tumorigenesis in this model is pro- develop mammary carcinomas, as reported previously (6). In this
moted by increased estrogen exposure with the deVeIOpment of Slgnlfl- modell both |arge T- and small t_an’“gens of the SV40 early reg|on are
cantly more mammary intraepithelial neoplastic lesions and carcinomas expressed under the transcriptional control of théiking region of
associated with accelerated malignant conversion. The promotion of mam- the C3(1) component of the rat prostate steroid binding protein gene.
mary tumors in this model appears to occur through an estrogen-induced Although male mice carrying this transgene develop prostate cancer
proliferation and increase in the number of available target cells for the C3(1)/Te transgene is also expressed in both mammary epithelial’
transformation at the terminal ductal lobular units, as has been postulated ductal Cellgeand the TLDUs without the need for pregnancy or hor-

to occur in women who receive hormone replacement therapy and/or by imulati dri . is oft ired
additional molecular mechanisms. We show, for the first time in a trans- MON€ stimulation to drive transgene expression, as Is often require

genic mouse model, that mammary tumor progression is associated with for other transgenic mammary models (reviewed in Ref. 7). The
the loss of ERx expression, as has been often observed in human breastMammary lesions arising in these transgenic mice develop over a
cancers with important clinical significance. Estrogen signaling may, Predictable time course with histological similarities to human breast
therefore, serve different functions, depending upon the stage of tumori- cancer (8, 9).
genesis. EB expression is up-regulated during tumor progression, al- Unlike other transgenic models that use promoters that are highly
though the functional significance of this remains to be determined. responsive to hormone stimulation, we demonstrate that the C3(1)
transgene is not estrogen responsive in the mammary gland. However,
estrogen appears to promote mammary tumorigenesis in this model.
INTRODUCTION The generation of C3(1)/ mice lacking the ER receptor demon-

The morbidity and mortality from breast cancer in women haVstrates that mammary oncogenesis in this model requires the differ-
- ay y 1rol ) 'AEniiation of the mammary ductal epithelium through the ductal out-
been increasing in Western countries without a clear understandin

h iological f involved (1). Epidemiological dies h Powth stage. Complete development and differentiation of the
the etiological factors involved (1). Epidemiological studies hay ammary ductal tree, however, are not required for tumorigenesis. In

identified several risk factors for human breast cancer, such as e%lpé study, we are the first to demonstrate, in a transgenic mouse
menarche, late menopause, and postmenopausal obesity, Wheteasy| that ER expression appears to be lost during mammary tumor
protective factors include early full-term pregnancy, lactation, ang,qgression, as often occurs in human breast cancer. This transgenic
physical exercise. A recent study has demonstrated that hormgRgde| should provide further insights into the mechanisms of how
replacement therapy increases the risk of developing breast cancergg), expression is lost during mammary cancer development and how
Collectively, this epidemiological evidence suggests that the cumulgstrogen may stimulate mammary oncogenesis.

tive estrogen dose to the breast epithelium correlates with the risk of

breast cancer (3).

MATERIALS AND METHODS
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Autoradiography was performed using the enhanced chemiluminescence
method (NEN Life Science Products, Inc., Boston, MA).

Hormone Manipulations of C3(1)/T,g Transgenic Mice. Transgenic
mice carrying the C3(1)/{; transgene have been described previously by our
laboratory and have been maintained in the FVB/NCr background (6). All
studies were performed with female mice heterozygous for the transgene. The
effects of altered estrogen signaling on tumor development were determined in
response to various manipulations of the mice. For studies to determine the
short-term effect of estrogen on transgene expressiomivo, mice were
ovariectomized at 10 weeks of age. One week later, the mice received injec-
tions intraperitoneally with 3 mg/kg body weight of, Elissolved in 10%
ethanol and 90% peanut oil (Sigma) or with peanut oil alone. Mice were
sacrificed at 8, 16, or 24 h after injection, and mammary tissues were excised

1 2 3 4 5 6 7 8 9 10 and frozen at-80°C for further analyses. Ten-week-old normal FVB/N female
mice were implanted with pellets that release 0.23 mg e¢fdgily and
B - OVX +E; OVX +piacebo sacrificed after 1 or 8 days for mammary gland analyses.
g £ 5 S E E S E For studies to determine the long-term effects of hormone manipulations on
g & &y & ™ 3 tumorigenesis, groups of mice were ovariectomized prior to maturation but
during a stage of ductal outgrowth at either 3 weeks of age (OVX3W), after
Tag e e e e — puberty at 8 weeks of age (OVX8W), or left intact and implanted with placebo
pellets (Innovative Research of America, Sarasota, FL). Additional groups of
- animals ovariectomized after sexual maturation at 8 weeks of age were either
ERo .- --—--w implanted with pellets (Innovative Research of America) containing 7.5 mg of
. E, released over 60 days (OVXFor implanted with pellets containing 25 mg
ACtIn g e = - — e - of TAM released over 60 days (Innovative Research of America). Pellets were
I o % 4 & 6 B replaced every 60 days. All manipulations of mice were performed in accord-
ance with the guidelines of the Guide for the Care and Use of Laboratory
C Animals (NIH Publication No. 86-23, 1985, under animal protocol LC-059).
OVX Intact Individual body weights were recorded weekly. Mammary tumor size was
Tag m measured twice weekly using a caliper, and tumor volume was calculated using
the following formula: the largest diameter (the smallest diametér)x 0.4
GADPH m (10). Mice were euthanized by CQ@sphyxiation.
Generation of C3(1)/T,g Transgenic Mice Carrying Mutant ER « Al-

Fig. 1. Estrogen does not stimulate the C3(1)}{Transgene expressién vitro orin  leles. To study the effect of ER on mammary tumorigenesis in C3(1)d
vivo. Western blot analysis is showm, Tag levels do not change while ERis  transgenic mice, C3(1)iL "'~ transgenic male mice in the FVB/N back-
down-regulated by estrogen in a do;e-dependent manner in M6 cells. Cells were trgjigund were crossed with wild-type C57BL/6 female mice, and male offspring
Lencéi?e‘gt';z \\’A‘;tcgoéfz‘&“?ngElp;%,?Js‘i’;'ttﬂecg\f]\é'sﬁfgglg?fffi}w]%'?ggé;ﬁiis&ﬁ? carrying the C3(1)/T "'~ transgene were identified by slot blot. _These/rlybrid
is an internal controlB, Tg expression is not altered by,Bdministrationin vivo, ~C3(1)/Tag (FVB/N X C57BL/6) male mice were crossed wifiRn™";
although ER is down-regulated by £ demonstrating a functional ER signaling pathway.C57BL/6 female mice. Males from the second cross with the C3(L)/T;
Ten-week-old C3(1)/Is transgenic female mice, ovariectomized at 9 weeks of ag&ERy ™/~ genotype were back crossed Wi&m+/*;c575|_/6 female mice.
e e e el areeio, Ca(UVTc'! female progeny wih Simiar geneto backgrounds caying
that develop in OVX3W mice is similar to that for tumors ‘from intact animals. either ERfH_‘ EP‘?‘,H » or ER”, ' genotypes were used_ for "?malyses' Gen-
otypes were identified from tail DNA by slot blot analysis using a probe for
Tac (6) and PCR to determine the RRjenotypes as described previously (11).
ma? Cells were routinely maintained in DMEM (Life Technologies, Inc., Whole-Mount Preparation, Histopathology, and Immunohistochemis-
Gaithersburg, MD) supplemented with 10% fetal bovine serum plus 5 ml tf. Mammary gland whole-mount preparations were spread on a glass slide,
antibiotic-antimycotic solution (Life Technologies, Inc.) in an air:carbon difixed in 70% ethanol, rehydrated in distilled water, stained with 0.2% carmine
oxide (95:5) atmosphere at 37°C, ®as purchased from Sigma Chemical Coand 0.5% aluminium potassium sulfate, redehydrated in 100% ethanol, cleared
(St. Louis, MO). For transfection assays, M6 cells were seeded in six-w#lXylene, and mounted with coverslips using Permount (Fisher Scientific, Fair
plates in DMEM supplemented with 2% dextran-coated, charcoal-strippk@wn, NJ). Mammary tissue and tumor samples were dissected from C3(1)/
fetal bovine serum (Life Technologies, Inc.) and grown until 70% confluenf.ac transgenic female or age-matched nontransgenic FVB/N females. The
The M6 cells were transfected with the mousedERlasmid (pSG5-MOR) Sizes of the lesions were recorded. A portion of each mammary tissue sample
using the FUGENESG transfection reagent according to the manufacturé#ds also immediately frozen on dry ice for subsequent molecular biological
protocol (Boehringer Mannheim, Indianapolis, IN). The cells were treated wiif1alyses. The remaining mammary fissue was fixed in 4% paraformaldehyde
0,1,2,5, 10, or 20m of E, for 48 h. or 10% phosphat‘e-buffgred formalm,_ embedded in paraffln‘, cu_t at a thickness
Western Blotting. Cells were lysed with radioimmunoprecipitation assayf 4 #M. and stained with H&E for histopathological examination. _
buffer (1< PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, and 10 Hlst_opathologlcal Ies_lons were qugntlta}ted by summing the number of lesions
mg/ml phenylmethylsulfonyl fluoride). Twentyg of total protein were loaded in sections from two axillary and one inguinal mammary gland from each mouse.

onto 8% Tris-glycine gels (Novex, San Diego, CA) and transferred to nitr$ands from the same locations in all mice were used for these studies.

cellulose membranes (Novex, San Diego, CA). Membranes were incubatecszor selec_ted _mmunohlstochemm_al analysls, the sec_t|_ons were h(_eated by
microwave in distilled water for antigen retrieval, hybridized with primary

\el\\l:tri]bz?yb:g;l;r?stsesr\gTOaE u(ztl)rjz(sélgtrzaz;)gfr\x;?i:: g;ela;j;:?ﬁng;Eirg_nar%ntibody, and processed using the avidin-biotin complex method (Vectastain
A L . L ’ ABC Elite kit; Vector Laboratories, Burlingame, CA). Anti-SV4Q & mouse
chem, La J9lla’ _CA) or rabbit polyclonal anti-sRantibody (MC20, at a monoclonal antibody (PAB 101; PharMingen, San Diego, CA) was used at a
dllu'tlon'of 1'2_50’ Santa Cruz Blotec.hnology, Santa Cruz, CA).'Mono.cIon%I”ution of 1:50. Anti-ERx rabbit polyclonal antibody (MC20; Santa Cruz
anti-actin antihady (N350, at a dilution of 1:500; Amersham Life SCI(':'nc%iotechnology) was used at a dilution of 1:500; and anti-proliferating cell

Arlington Heights, IL) served as an internal control. Blots were then WaSh%clear antigen mouse monoclonal antibody (PC-10; Dako Corp., Carpinteria,
and incubated fol h at room temperature with horseradish peroxidaseCA) was used at a dilution of 1:500.

conjugated goat antimouse or antirabbit I9G (G@fTSan Francisco, CA).  RNA Extraction, Northern Blotting, and Reverse RT-PCR Assay. RNA

was extracted twice with RNA STAT-60 reagent (Tel-Test “B”, Inc., Friends-

5C. L. Jorcyk, M. Anver, and J. E. Green, manuscript in preparation. wood, TX) according to the manufacturer’s protocol. RNA from mammary
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Fig. 2. Expression of Jg and ERx by immunohisto-
chemistry during mammary tumor development in C3(1)/
Tac transgenic mice. s (A-D) and ERx (E-H) are
shown.A andE, expression of I and ERx was detectable
at 3 weeks of age in normal-looking epithelium of intact
female transgenic micd andF, at 8 weeks of age, low-
grade MIN lesions were observed, and the numberQf-T
immunoreactive mammary epithelial cells increasedaER =
was clearly detectable=( open arrow$ C and G, at 14
weeks of age, high-grade MIN are observed in all animals
in all groups, whereas very few invasive carcinomas are
observed at this age. Although nuclegiTexpression was
observed in most cells in MIN lesions, RS only detected
in the basal layer of the mammary du@,(open arroy. D N
andH, at 20 weeks of age, invasive carcinomas continued, _ , g
to express very high levels of ,f throughout the tumor
(D), but ERx expression was low or undetectable. The }’ ?
adjacent duct expressed &ERH, open arrovy.

glands of intact FVB/NCr female mice were analyzed and used as nornfalg nucleotides 4198—-4219 '(gcagacactctatgcctgtgtd)3and the 3 primer
controls. A 1.8-kbEcaRI fragment of ER: fragment from pSG5-MOR was corresponds to nucleotides 5040-5018 ¢atcctgataaaggaggagat; ERB:
labeled with p-3?P]JdCTP by random oligonucleotide-primed synthesis35 cycles at 94°C for 1 min, 60°C for 2 min, and 72°C for 3 min; theimer
Poly(A) RNA was isolated using the MicroPoly(A) Pure kit (Ambion, Austin,corresponds to mouse [BRU81451) nucleotides 39-60 '(aactacagtgttcccag-
TX) according to the manufacturer's protocol, andu§ of mMRNA were cagca-3) and the 3 primer corresponds to nucleotides 311-2904dcctctt-
fractionated on a 1.0% formaldehyde agarose gel, transferred onto a nydmegcttggacta-3; TGF-«: 32 cycles at 94°C for 1 min, 57°C for 2 min, and
membrane, and fixed by UV cross-linking. Membranes were hybridized wit2°C for 3 min; the 5 primer corresponds to mouse TGHU65016) nucle-
a 3?P-labeled probe and washed using standard protocols. The membrasteses 117-137 (5cctgctagegetgggtatect-Band the 3 primer corresponds to
were then exposed to X-ray film at70°C for varying periods of time. nucleotides 343-323 (&ctgcatgctcacagcgaacaty3EGFR: 32 cycles at 94°C
For RT-PCR, 2ug of total RNA were incubated with DNAse |, then for 1 min, 57°C for 2 min, and 72°C for 3 min; theé Brimer corresponds to
incubated with reverse transcriptase using oligo {dT,); primer and Super mouse EGFR (X59698) nucleotides 256-276-¢§cacaagtaacaggctcacg-3
Script Il, and subsequently incubated with RNaseH (Life Technologies, In@hd the 3 primer corresponds to nucleotides 532-5124§ttggacaggatggcta-
according to the manufacturer’s protocol. cDNA was amplified using a thermadig-3); her-2/neu: 32 cycles at 94°C for 1 min, 57°C for 2 min, and 72°C for
cycler (PTC-100; M. J. Research, Inc., Watertown, MA). The conditions ar®l min; the 8 primer corresponds to rat her-2/neu (X03362) nucleotides
the sequences for each primer set were as followg: B2 cycles at 94°C for 1487-1504 (5cggaacccacatcaggce}3and the 3 primer corresponds to nu-
1 min, 60°C for 2 min, and 72°C for 3 min; thé primer corresponds to SV40 cleotides 2179-2159 (8ttcctgcagcagcctacgc )3 c-myc 32 cycles at 94°C for
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Fig. 3. Effect of E on normal mammary gland
epithelial cellularity and proliferation. Ten-week-
old FVB/N mice were given supplemental, &s
described in “Materials and Methods” for either 1

or 8 daysUpper panelsincreased cellularity at the 1 'h DS O L e 4 j" £r .g; 5
TDLUs was noted after 8 days of,Breatment, ¥ Jmp v . S ‘ i % :.’:;h‘
although alveolar differentiation was not apparent. '.’n’!){‘p Vim .z! \ > 4 / R S BT
Lower panelsimmunohistochemical staining dem- ! ;“Qij::; i u,' P ) ;‘e + N ‘§ 19 B
onstrates an increasing number of cells expressing S\ N ..?,_' 0 0% ( 3 fet e s e '-"{s'
nuclear proliferating cell nuclear antigen after 1 and higl A LN TR W Vd o TR '\‘Q&.!" § .
f R v, falY 4 o Mg (3l |
8 days of E treatment. < ) Bres s."\":\\..‘; i 'f ; T l"E B
‘ £~ ..’\)kt::"’r n’" Tl % N 1‘5“:: 4 N [
i y o f NN = '*u\‘a.'-:i;'\ R
r N .."4 Five / s N "!L";,’II‘ Lo
i\ ~ Wy / A £ \
9y . : -‘.0”,'“ \ \ L
4 o el 4 ¢ e N .. '.' Ble’- H ol
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1 min, 57°C for 2 min, and 72°C for 3 min; thé primer corresponds to mouse  Because these cells expressed relatively low levels af, ERiich
c-myc(X01023) nucleotides 1301-1324'¢(§ggccagecctgageccctagtgh-and  could limit the response of the transgene to stimulation by vie
the 3 primer corresponds to mouse nucleotides 1456-143at@gagatgagc- performed experiments where high levels of murineaERere ex-
ccgactccgacc-y; and G3PDH: 30 cycles at 94°C for 45 s, 60°C for 45 sec, a’gressed after transfection of the plasmid pCMVmEm®espite the
72°C for 2 min; the 5 primer used corresponds to mouse G3PDH (M32599} o expression of ERin M6 cells under these conditions, the addi-
nucleotides 51-76 (Stgaaagtcggtgtgaacggatttggd-3and the 3 primer to tion of up to 20 m E, did not lead to a change in.E, levels (Fig. 2,

nucleotides 1033-1010 (®atgtaggccatgaggtccaccag-3 .
Statistical Analysis. The two-sided Studentistest was used to determine Lanes 611 These results demonstrate that although estrogen sig-

whether significant differences existed between the mean values of the groﬂﬁgng is active in the M6 cells as evidenced by reduced ERpres-
analyzed. The log-rank test was used to evaluate the survival curves, ~ SION in response to HFig. 1, Lanes 1-} transcriptional activity of
the C3(1) 5 flanking sequence is not influenced by ER signaling in
these cells (Fig. 1L.anes 1-1D

The effect of E stimulation of the transgene was also studied

The C3(1) 8 Flanking Sequence Is Unresponsive to Ein Vitro  vivo. Because E stimulation of cell proliferation, either by direct
and in Vivo. To determine whether estrogen influences the natursfimulation of transgene expression or through other physiological
history of tumor progression in C3(1){f transgenic mice independ- mechanisms, would lead to an expansion of mammary gland lesions
ent of transgene expression, we examined what effect the estrog&pressing I protein, absolute levels of | would not necessarily
signaling pathway might have on the transcriptional activity of theeflect an increase in transcriptional activity of the C3(1fl&nking
C3(1) regulatory regions. To examine the responsiveness of the C3&gjuence. Therefore, to examine how transcriptionally responsive the
5’ flanking region to stimulation by Ein vitro, we used two ap- C3(1)/T,g transgene was toHn vivo, it was necessary to perform
proaches. The M6 cell line, established from a C3(1YMammary trans-activation experiments over a relatively short time frame before
adenocarcinomécontains integrated copies of the C3(1)4Ttrans-  significant proliferation could occur. Ten-week-old intact transgenic
gene and expresses,d. Studies were performed to determingemales were ovariectomized 1 week prior to being given a single
whether the transgene could be stimulated to produce increaggdaperitoneal injection of 3 mg/kg body weight of.ET o5 expres-

RESULTS

amounts of g by the addition of E. The addition of up to 20m E,
to the media did not increase the level gfIprotein produced by M6
cells, as determined by Western blot analysis (Fi§, llanes 1-b
However, M6 cells express low levels of endogenousxERig. 1,
Lane 1), which is down-regulated by the addition of, ih a dose-
dependent manner (FigAlLanes 1-j demonstrating that the ER
signaling pathway is still operative in these cells.

sion in the mammary gland did not change after ovariectomy or within
24 h after injection of E (Fig. 1B, Lanes 1-8 ERa expression
increased with ovariectomy alone but significantly decreased in ovari-
ectomized mice given Esupplementation (Fig.B, Lanes 2, 6-8
These results demonstrate that although the addition of estrogen
reduces ER expression in the mammary tissue as expected, C3(1) is
not transactivated by Hn vivo. Thus, phenotypic effects observed in
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[

Fig. 4. Effect of hormone manipulations on mammary tumor devel- C X
opment. Whole-mount preparation’s~E) and T,g immunohistochem- ety
istry (F-J) are shownA andF, full development of mammary ductal |
tree at 17 weeks of age with TDLU formation in intact C3(J)AT
transgenic female mice. Multiple ductal and TDLU lesions are observeg
B andG, reduced branching with very few TLDUs and alveolar cells in
OVX3W mice. C andH, OVX8W had normal branching but reduced |
alveolar cell formation with development of ductal lesiobsandl, E, |
supplementation restored branching and TLDU formation after ovari-
ectomy at 8 weeks of age and induced significantly more ductal lesiong:
E andJ, TAM treatment in an intact mouse inhibited TLDU formation,
but lesions within ducts still formedx100.

C3(1)/Tog mice given estradiol supplementation do not result frotow-grade MIN lesions (12) in the ducts and TDLUs of the mammary
increased transgene expression. gland beginning at about 8 weeks of age (Fi@).2These lesions
Alterations in the Natural History and Histopathology of Mam-  progress to advanced MIN by 14 weeks of age (FiQ). Zhere is a
mary Tumor Formation in C3(1)/T ,c Mice by Estrogen Signal- progressive increase in the number of MIN lesions that begin to
ing. T,g Was not detectable by immunohistochemical analysis at 1,@velop into invasive mammary adenocarcinomas at about 17 weeks
or 14 days after birth (data not shown) but was detectable at 3 weeksge. These tumors continue to express high levelsgf(Fig. 2D).
of age in normal-looking epithelium of intact C3(1)J transgenic Gross tumors were generally observed after 16 weeks of age, with
female mice (Fig. &). The number of [s-positive mammary epi- mice dying by 7 months of age because of tumor burden. The
thelial cells increases with age and is associated with multifocadammary carcinomas are morphologically designated as mixed solid
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Fig. 5. Histopathological analysis of hormone-manipulated C3gRffansgenic miceA, number of microscopic MIN lesions at 14 weeks of age. OY¥Xtice had a significantly
higher number of MIN lesions compared with all other groupsR& 0.0026versusintact; P = 0.00003versusOVX 3W; P = 0.00013versusOVX8W; andP = 0.0037versus
TAM). OVX3W and OVX8W showed significantly fewer MIN lesions compared with intact mice at this stage £ 0.00031 and® = 0.0077, respectively)B, survival ratesC,
number of palpable tumors by ade. palpable tumor volume at 20 weeks of age. There was no difference in survival rate, number of palpable tumors, or tumor volumes between intact.
OVX3W, OVX8W, and TAM groups. OVXE had a significantly shorter survival perioB & 0.015), increased tumor multiplicitP(= 0.016), and tumor volume$ (= 0.0266)
compared with intact miceBars, SD.

and glandular carcinomas with necrosis and fibrosis (12) and appepament of mammary ducts and TDLU formation with MIN and

to resemble what has been called poorly to moderately differentiaiedasive carcinomas arising in both the ducts and TDLUs (Fig\ 4,

human invasive ductal adenocarcinomas. and F). Ovariectomy before puberty (3 weeks of age) resulted in a
To investigate how changes in estrogen exposure might alter magfamatic decrease in mammary duct side-branching and alveolar bud

mary cancer progression in this model, animals were treated to redggignation (Fig. 4,B and G) with a reduction in the number of MIN

or stimulate effective estrogen levels. We confirmed that these Masjons compared with intact animals (Figd)5 Ovariectomy after

nipulations of estrogen levels had biological effects by measuripgiperty (8 weeks of age) resulted in a more modest reduction in duct
uterine weight. OVX3W, OVX8W, or TAM therapy reduced Utering;nq TpLU formation and MIN formation (Fig. 4 andH). At 14

weight as measured at 11 weeks of age, whereas administratign szeeks of age, the number of MIN lesions in the OVX3W and

TSC gaisze(; ut?@\?xgvvsiglhé ESnéaSCt, 4§'§M 222662+m59% OV)é)3\\//;/< OVX8W groups were significantly lower than that of the intact group
E '157 .7+m§,3 mg) T ~ Mg, r£0-£= 9.0 MG; (P = 0.00031 and® = 0.0077, respectively; Fig.[®. There was also
Z'The édr_ninistratgi]oﬁ of supplemental, Eo normal intact FVB/N a trend toward a lower number of MIN lesions in OVX3W animals
females at 10 weeks of age resulted in proliferative effects in t58mP _ared with that of OVX8W, although this was not statistically
§|gn|f|cant P = 0.054).

TDLUSs, leading to increased proliferation and cellularity (Fig. 3 . . ) .
without expansive lobuloalveaolar formation as is seen in pregnancy.M'Ce ovariectomized at 8 weeks of age and givensHpplemen-

Proliferating cell nuclear antigen positivity by immunohistochemic4ftion demonstrated more ductal branching and TDLU formation than
staining rose from 3.7% of mammary epithelial cells in untreatdgtact animals (Fig. B), which was also associated with a higher
mice, to 9.0 and 21.4% of cells in mice treated withf&r 1 or 8 days, number of MIN lesions in the Esupplemented group (Fig!)Acom-
respectively. This result demonstrates that estrogen can provid®aied with the other groups (FigD5 P = 0.0026 versusintact;
proliferative signal to the mammary epithelium and increase tie= 0.00003versusOVX 3W; P = 0.00013versusOVX8W; and
number of target cells, where the C3(1)4transgene is transcribed.P = 0.0037 versus TAM). Tamoxifen treatment given to intact
Whole-mount preparations and H&E sections of intact C3(J)/T females at 8 weeks of age moderately inhibited TDLU formation (Fig.
female mammary glands at 17 weeks of age showed complete devi&l} and tended to reduce MIN formation (FigJ)4compared with
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intact animals, although this was not statistically significant A
(P = 0.075; Fig. B).

Ovariectomized female mice given BEupplementation died signif-
icantly earlier than intact miceP(= 0.0157; Fig. B) because of
accelerated tumor formation associated with increased tumor multi-
plicity (P = 0.016; Fig. &) and tumor volumes (Fig.[3). The OVX
E, group had significantly larger tumors than did the intact group
(P = 0.0266) at 20 weeks of age, but there was no significant
difference among the other groups (FigD)5 Although both the
3-week-old and 8-week old ovariectomized groups that did not re-
ceive E, had a reduced number of MIN lesions at 14 weeks of age
compared with controls, the actual number of palpable tumors was not
significantly different from that observed in the intact group (Fi@).5
By 20 weeks of age, 15 of 16 OVX3W mice had developed palpable
mammary tumors. This suggests that by 3 weeks of age, the number B
of target cells for transgene expression leading to the development of
gross tumor formation at 20 weeks of age was not influenced by
ovariectomy. However, estrogen supplementation promoted a large
increase in the number of MIN lesions as well as an acceleration of
tumor development.

E, supplementation to ovariectomized C3(1)AT mice also re-
sulted in more aggressive lesion formation as assessed by histopathol-
ogy. E, given to mice ovariectomized at 8 weeks of age induced
significantly more high-grade MIN lesions and invasive carcinomas
than untreated ovariectomized mice (data not shown). Small, early
MIN lesions showed a higher grade of cellular atypia with a loose
pattern of cell-cell interaction compared with early lesions arising in
intact mice. In a subgroup (17%) of the mice supplemented wijth E Fig. 6. Mammary and salivary gland lesions in C3(W4TERa '~ (ERKO) female
ectopic chondrocyte and bone formation was noted. This incidencenise. A, mammary gland whole-mount preparation of C3(A4TERa '~ female dem-
much higher than the occasional ectopic chondrocyte and bone fgjstrates only primitive mammary ducts below the nippisl g was highly expressed

. . in salivary gland tumors from C3(1)AE-ERa female mice.Open arrowheads

mation observed in mammary glands from control C3(1g/Temale primitive ducts;closed arrowheagnipple areaasterisk lymph node region.
mice (<1%; Ref. 6).

Effect of the Loss of ERx Alleles on Mammary Tumor Pro-
gression. Because the prepubertal removal of estrogen by ovariedifferentiated state at 3 weeks of age. &R required for this early
tomy at 3 weeks of age did not significantly reduce palpable mardifferentiation and outgrowth of the ductal cells. C3(1)£Tmice that
mary tumor formation (Fig. 6), experiments were performed towere heterozygous or wild-type for BRleveloped normal mammary
determine whether mammary tumor development induced by tgknds, and mice from both genotypes exhibited a similar incidence of
C3(1)/Tag transgene could occur in rudimentary mammary ductahammary gland tumor formation (56.7% tumor incidence for C3(1)/
anlagelacking functional ER. Mice genetically engineered to lack T,c-ERa*’~ and 67.8% tumor incidence for C3(1\I-ERa*’*
functional ERx («¢ERKO) exhibit mammary gland hypoplasia withmice).
development arrested prior to ductal branching (13, 14). To determinéAlthough no mammary tumors were observed in C3(1/T
whether the C3(1)/Is transgene would be expressed and lead @ERKO females, tumors developed in other organs of C3(¢T
tumor formation in this mammary epithelium where development wasERKO mice similar to those observed in C3(RFERa™" in the
arrested at an early stage prior to ductal branching. C3(%)fice FVB/N background. C3(1)/{5-«ERKO female mice developed foot
were generated in the ERKO background. Previous studies uspaf tumors (23.5%) and salivary gland tumors (5.9%), which ex-
MMTV-int-1- «kERKO mice have demonstrated that mammary tumopessed high levels of .; (Fig. 6B). This observation further sug-
develop in the absence of BR15). gests that the ER signaling pathway is not required for expression of

C3(1)/Ty,e-ERa*'" females in the FVB/N-C57BL6 mixed back-the C3(1)/T,s transgene. However, unlike C3(1)I mice in the
ground lived significantly longer than C3(1}E-ERa"'* females in FVB/N background, carcinomas of the nasal structures were more
the FVB/N background, suggesting that there are important strdiequently observed in the hybrid FVB/&X C57BL6 background
differences that modulate tumor development. Whole-mount prepata=1% versus64.7%, respectively). Animals were sacrificed because
tions of the mammary glands of C3(1)I-ERa '~ («ERKO) fe- of the morbidity associated with these nonmammary tumors.
male mice demonstrated that a primitive mammary ductal systemThere was no significant difference in survival rates among C3(1)/
developed with the formation of only secondary branches near thgg transgenic mice with either thERa*/", ERa™'~, or ERx ™/~
nipples (Fig. 8). T, expression was not detected by immunohistagenotypes. All C3(1)/Ig mice died before 10 months of age, regard-
chemistry or by RT-PCR in the rudimentary mammary ductal epithiess of the ER genotype. Death was either because of the develop-
lium of these mice up to 9 months of age (data not shown). Nuent of mammary tumors in mice carrying tE®x "'+ or ERa*’~
proliferative lesions were observed in these rudimentary mammaggnotypes or because of salivary and nasal tumors in C3d )fiice
structures by histopathological analysis at any time during the 1€arrying theERa /.
month period of study. These results indicate that the C3(L)/T ERa Expression Is Reduced during Mammary Tumor Progres-
transgene is not expressed in the very rudimentary mammary dusian. ERx expression was observed only in mammary epithelial cells
structures prior to the onset of ductal branching. The transgenewigh normal morphology (Fig. B) and low-grade MIN lesions in
expressed when the mammary epithelial cells progress to a m@®&1)/T,g transgenic mice (Fig.F). There was a dramatic decrease
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Fig. 7. Analysis of T, and ERx during mammary tumor developmei®, expression of 15 increases during mammary tumor development, whereas &ression was
significantly decreased in tumorsanes 1land2, normal FVB/N mammary gland;anes 3and4, C3(1)/To,c mammary gland with MIN at 14 weeks of ageldm 14 wkg); Lanes
5-7, C3(1)/Tag mammary tumors@A); Lane 8 C3(1)/Tyg ovary.B, Northern blotting for ERR andB-actin. Fiveug of poly(A) RNA was electrophoresed through a 1% agarose gel
and hybridized with &2P-labeled probe for ERas described in “Materials and Method&&ne 1 mammary gland from a normal FVB/N femaleanes 2—4C3(1)/Tag mammary
gland with MIN at 14 weeks of agéMam 14 w; Lanes 5-7C3(1)/Tag mammary gland with invasive carcinoma34) at 17 weeks of agd;anes 8—9C3(1)/Tyc mammary tumors;
Lane 10 liver; Lane 11 ovary. mRNA (6.6 kb) of ER was significantly decreased in mammary tumors.

in ERa expression in high-grade MIN lesions, with some cells dem- Alterations in the Expression of Proto-Oncogenes and Hor-
onstrating weak nuclear staining, although normal neighboring lunmone Receptors during Mammary Tumor Progression.Altered
nal cells stained strongly positively for BRFig. 2G). ERx expres- expression of several oncogenes has been shown to be associated with
sion in invasive carcinomas was low to undetectable (Fig§). 22 tumor progression and clinical outcome in human breast cancer. To
similar reduction in ER expression was observed during mammargletermine whether similar changes in the expression of several rele-
tumor progression, as assessed by Northern and Western blot analyaes genes might occur during mammary tumor progression in this
(Fig. 7). Expression of [ protein increased during mammary tumoitransgenic model and whether alterations in estrogen exposure might
progression, as determined by Western blot analysis (FA), 7 modify the expression of these genes, RT-PCR analyses were per-
whereas ER expression was dramatically decreased in tumors corformed. Overexpression of several proto-oncogenes frequently asso-
pared with normal FVB/N mammary glands or preneoplastic lesiongated with human mammary cancers was also found in the C3(@)/T
Northern blotting also demonstrated that steady-state levels oftransgenic mammary tumors. These include c-myc, her-2/neu,d,GF-
6.6-kb ERx transcript were significantly lower in tumors comparecaind EGFR. All the reactions were semiquantitatively confirmed by
with normal tissue and preneoplastic lesions, suggesting that #eial dilution of template cDNA samples using the same number of
down-regulation of ER occurs at the RNA level (Fig.B). Because cycles. Expression of TGR-and EGFR appear to increase in early
normal mammary tissue and tissues with MIN lesions contain a mulglsions, whereas expression of c-myc and neu appears to increase at
smaller percentage of epithelial cells compared with the carcinomése invasive carcinoma stage (Fig. 8). There was no difference in the
the relative reduction in ERexpression in the tumor cells is presum-expression of these genes in tumors derived from mice in which
ably even greater than that depicted by these results. estrogen levels were increased or decreased compared with tumors
The expression of ERwas inversely related to estrogen exposurealerived from intact mice (data not shown). However, we do not know
ERa was elevated in tumors that developed with reduced exposurentbether expression of these genes might have been altered by changes
estrogen (OVX) compared with tumors from unmanipulated transy estrogen levels at earlier stages of tumor progression.
genic animals (FigureB, Lane 1compared with_ane 2. E, supple-
mentation to OVX mice _tended to suppress expr_ession of BRY. DISCUSSION
1B, Lane 5compared withLane 2. ERa expression tended to be
increased in the TAM group compared with that of intact animals It is primarily through epidemiological evidence that estrogen has
(data not shown). s expression in mammary tumors from intact andeen implicated in stimulating mammary oncogenesis (3). It has not
OVX3W mice was similar, further demonstrating that transgene ekeen possible to study the role of estrogen in the promotion of
pression was not dependent upon estrogen signaling (Eig. 1 mammary cancer in most transgenic models because they generally
ERB expression as determined by RT-PCR was barely detectablaise the hormone-responsive MMTV, whey acidic protein, @d
normal mammary tissue but appeared to increase during mammiagtoglobulin promoters. Although MMTV may be active in the virgin
tumor progression (Fig. 8). ERexpression was not significantly mammary gland, phenotypic expression often requires the use of
altered in tumors arising from the hormone-manipulated groups. hormones or pregnancy to substantially increase MMTV transcrip-
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present at the nipples without ductal outgrowth (20). The C3(L)/T
transgene is not transcribed in these rudimentary mammary anlagen,
and tumors do not develop in contrast to MMTV-int-1/ERKO mice
where tumors arise (15). However, in mice containingeERhere
ductal outgrowth occurs, the C3(1)J transgene is expressed, and
tumors form when mice are ovariectomized as early as 3 weeks of age.
Thus, full maturation of the mammary epithelium is not necessary for
tumor formation.

Although E, did not increase expression of the transgeng, E
induced significantly more MIN lesions, invasive carcinomas, larger
tumors, and reduced survival. These effects of estrogen may be
attributable to an increase in the number of target cells that express the
transgene and/or by promotion of tumorigenesis through other stim-
ulatory mechanisms. It is also possible that the stimulation of tumor-
igenesis by estrogen is mediated through paracrine mechanisms in-
volving the stroma. We have demonstrated that&uses proliferative
changes in the mammary epithelium, in particular by increasing cell
numbers in the TDLU. Because these cells are targets for C3d)/T
expression, it seems likely that increased numbers of lesions induced
by E, results at least in part from the expansion of the number of
target cells. There is strong evidence that a similar phenomenon
occurs in human breast cancer, where higher density of breast epithe-
lium is associated with an increased risk of breast cancer (21).
Hormone replacement therapy is associated with increased breast
density (22, 23), which may be part of the mechanism of hormone

1 234567891011 replacement therapy in elevating the cumulative risk of developing

Fig. 8. Alterations proto-oncogene and hormone receptor expression. RT-PCR expl@east cancer (2, 21).
sion analyses for I andERS, her2/ney c-myc, TGFs, EGFR, and G3PDHGAPDH) The histological features of mammary lesions in the C3(Y/T
during tumor progression in unmanipulated micane 1 marker;Lanes 2and3, normal . R
FVB/N mammary glandianes 4and5, C3(1)/Tae mammary gland with MIN at 14 transgenic females share resemblance to human ductal carcinoma
weeks of agel.anes 6—-8C3(1)/T,c mammary tumorsGa); Lane 9 kidney of FVB/N  sjtu and infiltrating ductal adenocarcinomas (8, 9). In addition to
Lfgfye without reverse transcriptaséidney RT); Lane 10 with RT; Lane 11 normal o .celerated growth of mammary lesions, estrogen stimulation induced

histological changes in the tumors. More severe nuclear atypism

within MIN lesions was noted with Etreatment. From these results,
tional activity (16). Whey acidic protein angtlactoglobulin promot- it appears that Faccelerates the process of “malignant conversion” in
ers have been derived from milk-specific genes and, therefore, #nes model. Although there was a trend toward a reduction in the
also most highly expressed during pregnancy and lactation (7). damber of MIN lesions and tumors arising in animals given TAM, this
addition, these promoters primarily target the alveolar epithelium amgs not statistically significant. It is likely that the major population
induce phenotypes in alveolar cells. of target cells for transgene expression was already developed by 8

The C3(1)/T,¢ transgene, however, is active in ductal epitheliaveeks of age when TAM treatment was begun, and that TAM, therefore,
cells, terminal end buds, and the TLDUs in virgin mammary glandbad little effect on lesion development compared with intact mice.

In this study, we have demonstrated battvitro andin vivo that the ER« is expressed in normal mammary ductal cells and in low-grade
C3(1) B flanking region is notrans-activated by estrogen. This is MIN lesions in which T, is expressed. However, in high-grade MIN
consistent with a previous study where the endogenous expressioamd invasive carcinomas, the expression otERRNA and protein is

C3(1) in the rat was shown to be stimulated by androgen but not biginificantly reduced, as determined by Northern blotting, immuno-
estrogen (17). Earlier studies of thi8(1) gene demonstrated that thehistochemistry, and Western blotting. It, therefore, appears that re-
major hormone response element is contained within the first intrdoced ER expression occurs as part of the process of tumor progres-
(18, 19), which is not contained in the C3(1)d transgene used in sion and is not the result of a clonal outgrowth of epithelial cells that
this model. Our results demonstrate that the C3(H)amking region are initially ERx negative. To our knowledge, this is the first report

is not responsive to estrogen stimulation as evidenced by the follodemonstrating the loss of ERexpression during tumor progression in

ing: (@) Tag expression is maintained in tumors and tumor cell linea transgenic model for mammary cancer. Human breast cancers often
despite the loss of Edexpression;lf) estrogen does not stimulateprogress to an E®negative state that is generally associated with a
transgene expression in transgenic mammary glands or transgenare aggressive disease course and poorer clinical outcome because
mammary cells lines, even with the cotransfection ofeERER sig- they rarely respond to hormone therapies (24).

naling is maintained, however, as evidenced by the down-regulatiorniThe expression of the C3(1)(E transgene does not increase in

of endogenous E&expression in response tg Bnd the up-regula- response to Ein vitro andin vivo, but E, does reduce endogenous
tion ERx in the presence of anti-estrogen therapg), C3(1)/T, ER« expression as expected. These data suggest that despite an intact
expression and tumor formation occur in several different organseéstrogen signaling pathway, estrogen does not affect transcription of
genetically modified mice completely lacking functional&Rand @) the C3(1)/T,¢ transgene. The expression ofJ did not appear to
prepubertal ovariectomy resulted in similar rates of gross tumumnterfere with estrogen signaling becaused=tkpression diminished
formation as that observed in intact animals. in response to exogenous,Elespite the presence ofd.

Expression of the C3(1)/Js transgene occurs only in mammary Although it appears paradoxical that estrogen promotes tumorigen-
target cells that have reached the ductal outgrowth stage. Mice cesis in this model whereas expression ofdERreduced during tumor
taining the transgene but lacking ERlevelop only vestigial ducts progression, these findings suggest that estrogen signaling may play
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different roles in oncogenesis, depending upon tumor stage. In thés Marshall, E. Epidemiology. Search for a killer: focus shifts from fat to hormones.

model, it appears that estrogen can stimulate proliferation of the target
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Clark, G. M., Oshorne, C. K., and McGuire, W. L. Correlations between estrogen

tissue for transgene expression and may also result in the up-regulareceptor, progesterone receptor, and patient characteristics in human breast cancer.

tion of cellular factors that promote tumorigenesis following the
initiation of oncogenesis by J;. Once this interaction occurs during

the MIN stage, further progression to invasive carcinoma may ne.

longer require the influence of estrogen and expression of EfRven

the fact that ER expression is consistently reduced during advanceg
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down-regulate ER expression to provide a growth advantage for
invasive tumor development.
A second ER, ER, has been cloned from the rat prostate (25)BER

MRNA is expressed in both normal and neoplastic human breagt

tissues (26, 27). In this study, BRexpression was not detected in
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normal mammary glands but was detectable in transgenic mammarylarge T antigen transgenic mice: suppression of apoptosis during the transition from

tumors. The role of ERin mammary tumorigenesis in this model will ;

require further study.

We have demonstrated previously that mammary tumor progres-
sion in this model involves several genetic alterations including amy.

plification and overexpression of Ki-ras (28)pss of p53, Rb, and
p21 function (9, 29) and loss of protective apoptotic mechanisms

preneoplasia to carcinoma. Cancer R66:,2998-3003, 1996.
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tumors was not affected by hormone manipulations. Both BGid

EGFR were up-regulated at the MIN stage, suggesting that an autg-
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event in this model of mammary cancer development. Expression’s
c-myc is up-regulated in the carcinomas but not in MIN lesions in this
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regulator of c-myc in this model.
In summary, mammary oncogenesis in the C3(1y/Transgenic
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